Background
==========

Colorectal cancer is one of the most prevalent and aggressive malignancies worldwide \[[@b1-medscimonit-24-6331]\]. Most colorectal cancers are due to aging and lifestyle factors, which include diet, obesity, smoking, and lack of physical activity \[[@b2-medscimonit-24-6331]\]. Surgery and chemotherapy are the main clinical therapies for the treatment of colorectal cancer \[[@b3-medscimonit-24-6331]\]. However, current chemotherapeutic drugs still have some deficiencies, such as severe side effects. Development of novel therapeutic drugs is urgently needed. Nowadays, traditional Chinese herbs have drawn broad attention from the scientific community; in the past 70 years, about half of small molecular compounds that achieved SFDA approval for cancer treatment were natural medicines or direct derivatives of natural products.

Aloe-emodin (1, 3, 8-trihydroxyanthraquinone) (AE) is an anthraquinone and a kind of emodin extracted from the aloe latex, and it has been reported to exert a variety of pharmacological activities \[[@b4-medscimonit-24-6331]\], especially noted for its anti-neoplastic effect on various kinds of tumors \[[@b5-medscimonit-24-6331]\]. Research has shown that AE can enhance tamoxifen cytotoxicity in breast cancer cells, exert photodynamic activity on the apoptosis of human gastric cancer cells \[[@b6-medscimonit-24-6331]\], as well as suppress proliferation and induce apoptosis in human lung squamous carcinoma via reactive oxygen species (ROS) generation \[[@b7-medscimonit-24-6331]\]. However, we have not yet seen any detailed reports involving the effects of AE on colorectal cancer.

Cell apoptosis is an important approach in fighting cancer \[[@b8-medscimonit-24-6331]\]. Research has reported that cells suffering from apoptosis involve endoplasmic reticulum (ER) stress, mitochondrial dysfunction, and death receptors \[[@b9-medscimonit-24-6331],[@b10-medscimonit-24-6331]\]. Furthermore, oxidative stress plays a crucial role in regulating cancer cell behavior, especially associated with cell apoptosis \[[@b11-medscimonit-24-6331]\]. High ROS levels were reported to have damaged ER function, resulting in unfolded proteins accumulation and ER stress \[[@b12-medscimonit-24-6331]\].

The ER is the primary compartment for protein synthesis, modification, and delivery to appropriate sites in eukaryotic cells \[[@b13-medscimonit-24-6331]\]. A variety of pathological stimuli can induce accumulation of unfolded proteins in the ER lumen, which contributes to ER stress \[[@b14-medscimonit-24-6331]\]. Usually, an integrated signal transduction pathway, also called the unfolded protein response (UPR) is activated. The UPR function is to establish ER homeostasis by halting protein synthesis and bolstering protein folding capacity \[[@b15-medscimonit-24-6331]\]. However, excessive ER stress can cause cellular homeostasis breakdown, thus triggering the apoptosis pathway. GRP-78 is an important protein in the ER and is broadly regarded as a bio-marker for ER stress. Once the UPR is triggered, glucose-related protein 78 (GRP78) dissociates from ER trans-membrane receptors; PERK (pancreatic eIF2α kinase or protein kinase R (PKR)-like ER kinase) is one of the vital receptors. The dissociation of GRP78 from PERK initiates the phosphorylation of PERK and activates the downstream protein p-eIF2α \[[@b16-medscimonit-24-6331]\], which finally induces upregulation of CHOP (C/EBP homologous protein), which plays a vital role in promoting cell apoptosis.

In addition, ER stress is usually accompanied by intracellular calcium overload. Calpain is a kind of thiol proteases that participates in the change of calcium content \[[@b17-medscimonit-24-6331]\]. The major isoforms of calpain are calpain-1 and calpain-2. Binding of calcium to calpain-1 and calpain-2 can induce the release of a regulatory subunit, sequentially activating a catalytic subunit. An elevated calcium content can lead to obvious calpain activation \[[@b18-medscimonit-24-6331]\]. The activated calpain can cleave procaspase-12 to caspase-12, thus triggering ER stress mediate apoptosis.

In this study, we aimed to investigate the impact of AE treatment on colorectal cancer cells. We noticed a suppressed cell proliferation and increased cell apoptosis in SW620 and HT29 colorectal cancer cell lines, which represented a potential application of AE in colorectal cancer treatment. Further, an increased ROS was detected in SW620 and HT29 cells after AE treatment. Considering that cell apoptosis and ROS were important inducement of ER stress, we examined the ER stress-related proteins and the cytosolic calcium content to find out whether ER stress was involved in the process. The results showed that ER stress-related proteins were activated, and that the cytosolic calcium levels showed an obvious elevation, which contributed to our conclusion that the cell apoptosis induced by AE was mediated by ER stress.

Material and Methods
====================

Cell culture
------------

SW620 and HT29 colorectal cancer cell lines were obtained from American Type Culture Collection (ATCC, USA). Cells were cultured in the RPMI-1640 medium supplemented with 10% fetal bovine serum (Gibco, Grand Island, NY, USA), 100 μg/mL penicillin (Cellgro) and 100 μg/mL streptomycin (Cellgro) at 37°C in an incubator containing 95% O~2~ and 5% CO~2~. Cells were treated with various concentration of AE (10, 20, and 40 μM) \[[@b19-medscimonit-24-6331]\] (Sigma-Aldrich, St Louis, MO, USA) for 24 hours, then the following experiments were applied.

Cell viability assay
--------------------

We seeded 5×10^3^ cells per well on 96-well plates and incubated for 48 hours. 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT, Sigma-Aldrich) was added to wells at a final concentration of 0.5 mg/mL and incubated for additional 4 hours at 37°C. Dimethyl sulfoxide (DMSO; Sigma-Aldrich) was added to dissolve the formazan product. After incubating for 10 min at 37°C, absorbance was measured at a wavelength of 570 nm.

Clone formation assay
---------------------

The effects of AE on the proliferation of SW620 and HT29 cells were evaluated by clone formation assay. Cells were cultured in 12-well plates with complete culture medium for 24 h. Then, the cells were treated with several concentrations of AE for 7 days. Cells were stained with crystal violet for 20 min. Representative pictures of the colonies were captured by a digital camera.

Fluorescence microscopy assay
-----------------------------

The cell apoptosis was assessed by Hoechst 33342 staining. Cultured SW620 and HT29 cells were treated with several concentrations of AE and incubated for 24 hours at 37°C. Then we added the DNA-specific fluorescent dye Hoechst 33342 to each well and incubate for 10 min at 37°C. Stained cells were examined through fluorescence microscope (DFC480; Leica Microsystems, Wetzlar, Germany).

Apoptosis detection by flow cytometry
-------------------------------------

SW620 and HT29 cells were incubated in 6-well plates for 48 hours with indicated concentrations of AE. After that, the cells were harvested, washed with PBS and fixed in 70% ethanol at 4°C for 30 min. Then the cells were exposed to 20 μg/mL RNase I and 50 μg/mL PI (Cell Signaling Technology, Danvers, MA, USA) for 30 min at 37°C. Flow cytometry was performed according to the manufacturer's protocol. Apoptotic cells were assessed by flow cytometry on a FACScan (Beckman Instruments, Fullerton, CA, USA).

ROS detection by flow cytometry
-------------------------------

After treatment with the indicated concentrations of AE to the cells for 48 hours, cells were incubated with 10 μM 2′, 7′-dichlorofluorescin diacetate (DCFH-DA) for 20 min at 37°C, then washed with serum-free medium 3 times. Cells were resuspended in ice-cold PBS avoiding light. The intracellular peroxide levels, which represent the levels of ROS, were measured by flow cytometry at wavelength of 525 nm.

Calcium measurement by flow cytometry
-------------------------------------

Cells were loaded with 2 μM Fluo4-AM (Invitrogen) in buffer (145 mM NaCl, 2 mM KCl, 1 mM MgCl~2~, 2.5 mM CaCl~2~, 5 mM NaHCO~3~, 10 mM glucose, and 10 mM Na-HEPES pH 7.25) with 0.02% Pluronic-F27 (Invitrogen) for 15 min at 37°C in the dark. After that, we washed the cells with the same buffer without fluo-4. Fluo4 fluorescence was recorded at 505 nm.

Western blot analysis
---------------------

Total proteins were harvested through RIPA lysis buffer (Thermo Scientific, Rockford, IL, USA) which containing Complete Protease Inhibitor Cocktail (Roche, Indianapolis, IN, USA). The quantitation of protein was examined by BCA protein quantification kit. Equal amounts of proteins were subjected to SDS/PAGE electrophoresis, and the separated proteins were transferred onto a PVDF membrane. Blocking the membranes with 5% non-fat milk in 1 x TBST (10 mM Tris-HCl, 150 mM NaCl, pH 8.0, and 0.1% Tween 20) for 30 min at room temperature, then incubated in primary antibody overnight at 4°C. The primary antibodies included: Bcl-2 (1: 2000, Epitmics, USA), Bax (1: 1000, CST, USA), GRP78 (1: 1000, CST, USA), p-PERK (1: 1000, CST, USA), p-eIF2α (1: 1000, CST, USA), CHOP (1: 1000, CST, USA), calpain-1 (1: 1000, CST, USA), calpain-2 (1: 1000, CST, USA) and caspase-12 (1: 1000, CST, USA). Next, the PVDF membrane was washed with TBST solution for 10 min and repeated 3 times. Then, the membranes were incubated with secondary antibodies (Santa Cruz Biotechnology) for 1 hour at room temperature. The membranes were washed and developed by the ECL chemiluminescent kit (Amersham Biosciences, Piscataway, NJ, USA).

Statistical analysis
--------------------

The data were presented as the mean ± SEM. Student's *t-*test was conducted between 2 groups. Statistical differences among multiple groups were analyzed by one-way ANOVA analysis of variance. A *P* value of \<0.05 was considered statistically significant.

Results
=======

Aloe-emodin inhibited cell proliferation in SW620 and HT29 colorectal cancer cell lines
---------------------------------------------------------------------------------------

In order to study the effects of AE on cell proliferation, MTT assay was used to detect the cell viability of SW620 and HT29 colorectal cancer cells treated with different concentrations of AE at different time points. According to the MTT assay, AE significantly reduced cell viability in SW620 cells ([Figure 1A](#f1-medscimonit-24-6331){ref-type="fig"}) and HT-29 cells ([Figure 1B](#f1-medscimonit-24-6331){ref-type="fig"}) at the concentration of 10, 20, and 40 μM. At the dose of 10 μM AE, the rate of cell viability relative to normal control cells was approximately 88.71% in SW620 cells and 82.84% in HT-29 cells after treatment for 24 hours. And the intuitive observation showed a further reduction in cell viability as the dose increased over time. Subsequently, we assessed the effect of AE on the proliferation of SW620 cells and HT29 cells through a clone formation assay. As [Figure 1C](#f1-medscimonit-24-6331){ref-type="fig"} shows, AE observably inhibited SW620 and HT-29 cell colony forming ability in a dose-dependent manner after treatment with the aforementioned concentrations for 7 days.

Aloe-emodin induced apoptosis in SW620 and HT29 cells
-----------------------------------------------------

As the cell viability was detected to be decreased after treatment with AE, we further examined the proapoptotic effect of AE on SW620 and HT29 cells. As shown in [Figure 2A](#f2-medscimonit-24-6331){ref-type="fig"}, we observed the apoptotic nuclear morphology through fluorescence microscopy after Hoechst staining. In the control group, the cells were regular in morphology, grew fully in patches and were confluent, while AE treatment apparently induced the formation of apoptotic bodies in both SW620 and HT29 colorectal cancer cell lines. Meanwhile, apoptosis was detected by Annexin V-FITC/PI staining in combination with flow cytometry to distinguish and quantitatively determine the percentage of apoptotic cells. As we see in [Figure 2B](#f2-medscimonit-24-6331){ref-type="fig"}, the fraction of apoptotic cells was increased in a dose-dependent manner in SW620 and HT29 cells. The proportions of Annexin V-FITC and PI doubly stained SW620 cells were 7.32%, 13.3%, 18.1%, and 21.23% in the control and AE (10 μM, 20 μM, and 40 μM) groups, respectively. And the same detection was applied in HT29 cells: the percentages of apoptotic cells were 8.39%, 13.52%, 16.86%, and 19.08% after exposure to AE at 0, 10, 20, and 40 μM for 48 hours. Furthermore, we examined the expression of apoptosis-related protein Bcl-2 and Bax by western blot analysis; the results showed that Bcl-2 expression was decreased while Bax expression was increased as a result of treatment with AE in both SW620 and HT29 cells, indicating that AE might induce cell apoptosis ([Figure 2C--2H](#f2-medscimonit-24-6331){ref-type="fig"}).

Aloe-emodin induced reactive oxygen species in SW620 and HT29 cells
-------------------------------------------------------------------

ROS generation is a crucial modulator in controlling cancer cell behavior, which is associated with apoptosis. Reports have shown that AE could induce ROS in human lung squamous cells and human osteosarcoma cells. Here we examined whether increased ROS was relevant to cell apoptosis after exposing SW620 and HT29 cells to AE. The intracellular hydrogen peroxide and superoxide levels were detected by flow cytometric assay. The results shown in [Figure 3](#f3-medscimonit-24-6331){ref-type="fig"} demonstrate that, AE upregulated ROS in both cell lines at the doses of 10, 20, and 40 μM, which contributed to evidence that ROS was involved in AE induced cell apoptosis in SW620 and HT29 cells.

Aloe-emodin induced endoplasmic reticulum (ER) stress in SW620 and HT29 cells
-----------------------------------------------------------------------------

There has been some evidence showing that overwhelming ROS levels could cause endoplasmic reticulum (ER) stress. Thus, we investigated whether AE treatment could induce ER stress. PERK is one of the crucial ER-resident transmembrane receptors, usually maintained in inactive forms by association with the ER chaperone GRP78, which dissociates upon ER stress. We mainly detected the expression of GRP78, phosphorylated PERK, and downstream proteins, and our results are shown in [Figure 4](#f4-medscimonit-24-6331){ref-type="fig"}. The results suggest that the expression of GRP78 and PERK significantly increased following AE treatment, and PERK facilitated the phosphorylation of eIF2α. The expression of CHOP, which is reported to reduce the anti-apoptotic mitochondrial protein Bcl-2 and foster a pro-apoptotic environment, was also increased observably. All the results revealed that AE could induce ER stress thereby accelerating the apoptosis in SW620 and HT29 cells.

Cytosolic calcium overload and caspase-12 were implicated in Aloe-emodin mediated ER stress in SW620 and HT29 cells
-------------------------------------------------------------------------------------------------------------------

ER stress is characteristic by cytosolic and mitochondrial calcium overload. Especially, the cytosolic calcium overload, followed by upregulation of the calpain-1, calpain-2 and caspase-12, is a classical pathway to induce apoptosis. Considering that, we detected the cytosolic calcium level in SW620 and HT29 cells that were suffered from AE through flow cytometry. As [Figure 5A and 5B](#f5-medscimonit-24-6331){ref-type="fig"} show, an observably enhancement of cytosolic calcium level was noticed in AE treated cells as compared to the controls. Afterwards, we examined the levels of calpain-1 and calpain-2, which are cytoplasmic cysteine proteases involved in a variety of calcium-regulated cellular processes; we also examined the level of downstream caspase-12. In [Figure 5C--5J](#f5-medscimonit-24-6331){ref-type="fig"}, the western blot analysis shows that the protein expression of calpain-1, calpain-2 and caspase-12 were upregulated in both cell lines after exposed to AE. All the results convinced us that there was a cytosolic calcium overload resulting from ER stress, and its downstream protein caspase-12 was involved in the mechanism of cell apoptosis.

Discussion
==========

Colorectal cancer is one of the most prevalent cancers worldwide, especially in western countries. Nowadays, the incidence in Asian population is growing rapidly, as a result of the popularity of the western diet. Although a series of targeted therapies have been developed to resist cancer \[[@b20-medscimonit-24-6331]--[@b22-medscimonit-24-6331]\], the severe side effects and drug resistance limit their application, and the curative effect on patients with colorectal cancer remains poor \[[@b23-medscimonit-24-6331]\], thus, novel therapeutic agents are urgently needed. AE is a kind of Chinese herbal monomer, which has been proven to have anticancer effects, while its pharmacological effects have not been investigated in colorectal cancer.

In this study, we showed that AE inhibited cell proliferation in human colorectal cancer cells*in vitro,* using MTT detection and clone formation assay. At 24 hours, 48 hours, and 72 hours, AE showed significant suppression on both SW620 and HT-29 cells in a dose-dependent way. As the cell viability was decreased, we further examined the apoptosis rate through flow cytometry to confirm the anti-cancer effect of AE. The results showed that AE induced apoptosis in SW620 and HT29 cells. We further detected apoptosis related proteins, the downregulation of Bcl-2 and upregulation of Bax are consistent with the flow cytometry results.

ROS play an important role in tumor progression, excessive ROS production can induce intrinsic apoptosis via DNA damage \[[@b24-medscimonit-24-6331],[@b25-medscimonit-24-6331]\]. Several studies have indicated that a number of therapeutics can induce ROS-mediated apoptosis \[[@b26-medscimonit-24-6331],[@b27-medscimonit-24-6331]\]. Therefore, we further detected ROS through flow cytometric assay. Our results showed that AE observably upregulated ROS production, suggesting that ROS is an inducement of cell apoptosis upon treatment of AE. ROS are mainly produced in the mitochondria via metabolic reactions, in the ER via protein oxidation, and in peroxisomes via β-oxidation of fatty acids. In reverse, high level of ROS can lead to ER stress, as well as ER stress mediated apoptosis.

In recent years, ER stress has aroused general concern because of its potential in induction of cancer cell apoptosis. Accumulating evidence has indicated that considerable therapeutic drugs can lead to ER stress. And some drugs targeting ER stress, such as arsenic trioxide, have achieved FDA approval. Therefore, we aim to investigate the role of ER in AE induced apoptosis.

ER stress is responsible for regulating protein synthesis, modification, and trafficking. Accumulation of unfolded or misfolded proteins can activate the unfolded protein response (UPR) signaling to restore cellular homeostasis. Once the UPR cannot maintain ER balance, cell apoptosis follows. PERK, ATF6, and IRE1 are 3 central ER transmembrane receptors. Among these, PERK and the downstream mechanism occupy an important position. When ER stress is triggered, a dissociation of GRP78 from PERK will take place, followed by an activation of PERK. Activated PERK can phosphorylate eIF2α, and this phosphorylation contributes to translation of ATF4, finally resulting in expression of CHOP. CHOP is well known for its proapoptotic role in ER stress \[[@b28-medscimonit-24-6331]\]. In this study, we investigated that whether ER stress was involved in the apoptosis caused by AE treatment in colorectal cancer cells. The results showed that the GRP78/PERK pathway was activated, which is characterized by elevation of GRP78, p-PEAK, p-eIF2α, and CHOP protein expression, which contributed to the conjecture that AE induced apoptosis was partly mediated by ER stress in colorectal cancer cells.

As a result of ER stress with increased CHOP, calcium leak from the ER usually causes an increased level of cytosolic and mitochondrial calcium content. Calpain can be activated in response to the enhanced cytosolic calcium, and transfer from the cytosol to the membrane to cleave procaspase-12 \[[@b29-medscimonit-24-6331]\]. The activation of caspase-12 plays a vital role in ER stress mediated apoptosis \[[@b30-medscimonit-24-6331]\]. Hence, we examined the cytosolic calcium content through flow cytometry analysis. The results showed an increased cytosolic calcium in SW620 and HT-29 cells after exposure to AE. Subsequently, we further detected the protein expression of calpain-1, calpain-2 and caspase-12, which showed a significant upregulation upon AE treatment. The results demonstrated that calpain-1/calpain-2/caspase-12 pathway was a branch of ER stress mediated apoptosis.

Conclusions
===========

Overall, in the study, we confirmed that AE could suppress cell proliferation and induce apoptosis in SW620 and HT29 colorectal cancer cell lines in a dose-dependent manner. ROS production was induced by AE. We further found that ER stress was involved in the mechanism of cell apoptosis, as the results showed that AE significantly elevated GRP78, p-PEAK, p-eIF2α, and CHOP expression, as well as increasing cytosolic calcium accompanied by enhanced caspase-12 expression. These results contributed to the conclusion that AE could induce ER stress mediated apoptosis via upregulation of CHOP and caspase-12 expression in colorectal cancer cells.
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![Aloe-emodin reduced cell viability in SW620 and HT-29 cells in a dose-dependent manner at different time points. (**A**) SW620 cells and (**B**) HT-29 cells were treated with indicated concentrations of Aloe-emodin, and incubated for 24, 48, and 72 hours. Cell viability was detected via MTT assay. (**C**) Clone formation assay was used to assess the effects of Aloe-emodin on the proliferation of SW620 and HT-29 cells. \* *P*\<0.05, \*\* *P*\<0.01, \*\*\* *P*\<0.001, as compared with the control group; n=4.](medscimonit-24-6331-g001){#f1-medscimonit-24-6331}

![Aloe-emodin induced SW620 and HT29 cell apoptosis in a dose-dependent manner. (**A**) Hoechst staining was used to evaluate cell apoptosis. Cells were treated with indicated concentrations of Aloe-emodin for 24 hours and the morphology was revealed using a fluorescence microscope. (**B**) Flow cytometry was used to quantitatively determine the apoptosis rate. (**C**) The expression of apoptosis-associated proteins Bcl-2 and Bax were detected by western blot analysis. \* *P*\<0.05, \*\* *P*\<0.01, \*\*\* *P*\<0.001, as compared with the control group; n=4.](medscimonit-24-6331-g002){#f2-medscimonit-24-6331}

![Aloe-emodin induced reactive oxygen species (ROS) in SW620 and HT29 cells. (**A**) SW620 cells and (**B**) HT29 cells were treated with indicated concentrations of Aloe-emodin for 24 hours, then stained with DCFH-DA (10 μM); the ROS were quantitatively analyzed through flow cytometry. \* *P*\<0.05, \*\* *P*\<0.01, \*\*\* *P*\<0.001, as compared with the control group; n=4.](medscimonit-24-6331-g003){#f3-medscimonit-24-6331}

![Aloe-emodin increased endoplasmic reticulum stress related proteins in SW620 and HT29 cells. Both the cell lines were treated with different concentrations of Aloe-emodin and harvested at 24 hours. The GRP78, p-PERK, p-eIF2a, and CHOP proteins expression were analyzed by western blot. \* *P*\<0.05, \*\* *P*\<0.01, \*\*\* *P*\<0.001, as compared with the control group; n=4.](medscimonit-24-6331-g004){#f4-medscimonit-24-6331}

![Aloe-emodin modulated ER stress involving in cytosolic calcium overload and calpain/caspase-12 pathway in SW620 and HT29 cells. (**A**) SW620 cells and (**B**) HT29 cells were treated with indicated concentrations of Aloe-emodin for 24 hours, then stained with Fluo4-AM (2 μM); the cytosolic calcium levels were quantitatively analyzed through flow cytometry; (**C--F**) The calpain-1, calpain-2, and caspase-12 proteins expression in SW620 cells were analyzed by western blot; (**G--J**) The calpain-1, calpain-2, and caspase-12 proteins expression in HT29 cells were analyzed by western blot. \* *P*\<0.05, \*\* *P*\<0.01, \*\*\* *P*\<0.001, as compared with the control group; n=4.](medscimonit-24-6331-g005){#f5-medscimonit-24-6331}
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